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Highlights  
 A tribometer based on on-line and RNT techniques performs sliding test.  
 The formation mechanism of the third bodies subsurface zone is analyzed. 
 MML is formed with dynamic oxidation reactions. 
 DRX plays a key role in refinement of nano grains in GRZ. 
ABSTRACT 
This work investigates the formation mechanism of the third bodies for brass under lubricated 
conditions. A tribometer based on on-line and radio-nuclide technique (RNT) techniques is used to 
perform the sliding experiment of brass versus steel. The microstructure, micro-hardness and chemical 
composition of the third bodies are analyzed by mean of the scanning electron microscope (SEM), 
focused ion beam microscope (FIB), transmission electron microscope (TEM), hardness testers and 
X-ray photoelectron spectroscopy (XPS). The results indicate that the contact pairs show good 
tribological behaviors and the layered third bodies (mechanically mixed layer (MML), grain 
refinement zone (GRZ) and plastic deformation zone (PDZ)) are formed on the brass surface during 
sliding. The formation mechanism of the third bodies is explored. The MML gradually forms on the 
worn surface in the later stage of the test by proceeding of oxidation reactions. Due to the severe 
plastic deformation caused by sliding, the interactional dislocation movements and dynamic 
recrystallization (DRX) lead to the formation of GRZ with nano-scale grains. The PDZ grains lead to 
the shear deformation by means of friction stress. Moreover, the generation and accumulation of 
dislocations result in voids in the PDZ. 
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1. Introduction 
Binary brass has been widely used in producing the transmission parts (e.g. bearings, sleeves, etc.) 
due to its excellent mechanical properties and heat-conductivity [1-4]. The tribological characteristic 
of working surface plays an essential role in transmission parts in terms of safety, reliability and 
service life[5-11]. Therefore, the investigation of surface tribological characteristics is important for 
the application of transmission parts [12, 13]. 
The formation of the third bodies caused by friction is considerable scientific interest due to the 
superior wear resistance of copper and its alloys. First studies go back to Schmalz in 1936[14]. Rigney 
et al.[15, 16] showed that the wear resistance of copper relies on the function of a third body, which is 
formed by oxides, transfer material and matrix material. Feser et al.[17]showed that that the 
running-in of binary brass depends on the formation of a grain-refined layer underneath the surface. 
Descartes and Berthier [18] observed the presence of several zones within the third body in a 
wheel-rail contact. Similarly, Scherge et al.[19] showed the presence of different zones in steel. B. Yao 
et al.[20] investigated the microstructure of surface layer for two kinds of Cu samples after friction 
tests. The nanostructured mixing layer (NML) and ultra-fine grained DRX layer are formed on the Cu 
surfaces. The wear rate of Cu is determined by the microstructures of NML and DRX layer. Recently, 
Jerzy Dryzek et al.[21] found the existence of tribo-layer confirmed by the measurement of the 
increase and attenuation for positron lifetime, moreover, great amount of dislocations and large 
vacancy clusters are observed in the layer. Other studies [22-24] showed that the fine wear resistance 
of copper and its alloys is always related to the deformation of continuous and effective the third 
bodies, such as mechanical mixed layer, super plastic deformation layer, grain refinement layer etc. 
[25-28]. The characteristics and function of the third body materials have been widely investigated, 
however, the formation mechanism of subsurface material for many metals and alloys especially brass 
is not complete so far.  
In this work, brass samples that are subjected to sliding against steel under lubricated conditions 
using an on-line tribometer, are studied in depth with respect to changes in the microstructure, 
micro-hardness and their chemical compositions. On this basis, the formation mechanism of third 
body layer and subsurface zones of brass are analyzed in detail. 
2. Experimental details 
2.1 Sample preparation 
Binary brass (i.e. 79.8% copper and 20.2% Zinc), without any metallic lead (Pb), is slid against the 
100Cr6 bearing steel. The brass plates with a size of 150×75×4 mm are annealed for 45 minutes at 
650℃ and then cooled down at room temperature. Next, citric acid is used to remove unwanted oxide 
layers of brass formed during the annealing process. For the contact pair, 100Cr6 spheres with 
diameter 3.0 mm are ground and polished to acquire a flat surface. The flat surface of pins is in the 
range of Φ 1.54 to Φ 2.25 mm. The measured Vickers hardness of the plates and spheres are 50 ± 
3.3HV and 830 ± 11.2HV respectively. The roughness of samples is measured by a white light 
interferometer (Plμ 2300, Sensofar). The average roughness of the plate and pin flat are 15 and 120 
nm respectively. 
2.2 Tribological test setup 
An on-line tribometer with an in-situ holographic microscope is used to complete the tribological 
experiment. The wear measurement is conducted on-line by RNT. The tribometer and RNT measuring 
system are described in details elsewhere [29, 30]. To avoid external environment impacts on the 
results of experiments, the sliding tests are performed at 25oC and a relative humidity of about 50%. 
Fuchs Petrolub AG provides the PAO-8 base oil (viscosity of 45.8 mm2/s at 40 oC) and the oil 
temperature of the whole experiment is maintained at 35 oC by a Julabo HE-4 pumping system. 
In these experiments, the linear reciprocating track is set to a length of 120mm and the velocity is 
20mm/s, whereas the normal loads range from 1.0 to 8.0MPa. Each experiment is repeated three times 
under the same working conditions to ensure the accuracy of the experimental data. During the 
experiment, the initial pressure is logged and the images are recorded after each cycle by an in-situ 
holographic microscope. In addition, the wear rate is measured by the RNT on-line measuring system. 
2.3 Characterization techniques 
For the micro-hardness test, a hardness tester (HM500) is performed at a load of 300mN for a dwell 
time of the 20s before and after the experiment. Each value of the micro-hardness test is repeated three 
times to obtain the average results. An MTS Nano indenter XP is used to measure the Nano 
indentation. The Chemical composition of brass in depth direction is characterized by an XPS (PHI 
5000).  
VHX optical microscope (VHX-5000), SEM (JSM-6510), FIB (Zeiss XB 1540) and TEM 
(JEOL-2100) are used to observe the microstructure of brass. Thin foil samples are cut from the worn 
layer for TEM observations using mechanical thinning. The samples are further thinned by the 
twin-jet electro-polisher (TenuPol-5). In order to observe the microstructure of near surface, the 
surface with wear tracks of TEM sample is bonded face-to-face with the surface of another brass 
sample without sliding test [31]. 
3. Results and discussion 
3.1 Tribological test 
Fig. 1(a) shows the results of one typical experiment with contact pressure 2.0 MPa. The curves are 
the friction coefficient (Red line) and wear rate (Blue line) versus cycles and time respectively. Fig. 
1(b) presents characteristic topography images, which are obtained from six different cycles of the 
sliding experiment. There are three typical stages in this test. Initially (within 1900 cycles), both the 
friction coefficient and the wear rate exhibit a substantially unsteady and fluctuation trend. The initial 
values of the friction coefficient are low but then increase sharply within the first few cycles to above 
0.20. The wear rate oscillates and rises to 0.10 mg/h in the first 1800 cycles. Spalling of the surface is 
also observed from Fig.1 (b-1 and b-2), which illustrates severe fluctuation of friction in this period. In 
the second stage (from 1900 cycles to 2800 cycles), there is a speedy drop of friction coefficient to 
approximately 0.10, while the wear rate maintains a high level of around 0.10 mg/h. Severe adhesive 
wear of the brass is still observed in Fig.1 (b-3). In the final stage (after 2600 cycles), the friction 
coefficient remains stable at around 0.12 as the sliding cycles increasing, and meanwhile, the wear rate 
decreases to 0.05 mg/h and keeps stable before 5000 cycles and then drops gradually throughout the 
remainder of the test. In this process, trace amounts of wear debris particles are peeled off with the 
sliding cycles, and the fresh surface is constantly exposed. Finally, the generating and peeling of wear 
debris particles reach a dynamic equilibrium. This is in consistent with the topography images as 
shown in Fig.1 (b-4, b-5, and b-6).  
3.2 Microstructure and chemical composition 
As shown in Fig. 2, numerous shallow furrows, which are distributed randomly, are paralleled to the 
sliding direction. Several worn pits, which are a typical characteristic of adhesive wear, are clearly 




The result of the energy dispersive spectrometer (EDS) analysis on the pin surface is shown in 
Table 1. The worn surface enriches with Cu (57.71% wt.), Zn (15.98% wt.) and O (6.76% wt.). It is 
illustrated that the materials transfer from brass to pin and the oxidation reactions occur on the worn 
surface. Other investigation reported that ZnO inhibits severe wear and high friction coefficient due to 
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Fig. 1. Friction coefficient and wear rate vs. cycles and time repectively (a). Characteristic 
















difference hardness between two contact pairs [17]. Furthermore, the formation of transfer layer 
improves wear resistance effectively. This is one of the reasons that the friction coefficient and wear 
rate are low in the third stage as shown in Fig. 1(a). 
 
 
Table 1 Chemical composition of different zones for pin surface 
Spectrum OK CrK FeK CuK ZnK 
Spectrum1 5.76 0.56 31.66 50.76 11.26 
Spectrum2 7.45 0.59 11.11 59.60 21.25 
Spectrum3 7.06 0.24 11.49 65.78 15.43 
Average 6.76 0.46 18.09 58.71 15.98 
Standard deviation 0.88 0.19 11.76 7.55 5.02 
Maximum 7.45 0.59 31.66 65.78 21.25 
Minimum 5.76 0.24 11.11 50.76 15.43 
 
Fig. 4(a) and 4(b) show the cross-sectional metallographic images of brass before and after test 
respectively. The grains with the size of approximately 50 μm distribute relatively and uniformly as 
shown in Fig. 4(a). Moreover, a few twinned-grains are shown in the cross-section of brass. Whereas 




Fig. 2. SEM microstructure of worn surface for brass. 







the surface are refined and deformed due to the continual sliding and pressuring between brass and pin. 
It is indicated that the friction affected layer is formatted during the sliding. 
Based on the observations from the brass metallographic structures in Fig. 4(a) and 4(b), the change 
in the microstructures of brass, from the surface to the depth of about 40 μm, is obviously due to the 
sliding test. The microstructure of brass significantly effects on friction and wear properties.  
Fig. 5(a) presents the cross-sectional SEM image of brass after sliding. The microstructure near the 
surface shows an obvious difference with that of the matrix. Obviously, the cross-sectional 
microstructure of brass is divided into three zones (I, II and III) as shown in Fig. 5(a). The FIB image 
of brass corresponding to zone (I) of Fig. 5(a) is shown in Fig. 5(b). A large number of voids, which 
are labeled with rectangular frame in white color, are shown in the upper of the zone (II). Zone (III) is 
the substrate of brass. In Fig. 5(b), three different zones, which are classified by two dotted lines from 
the surface to the interior, are defined as the mechanically mixed layer (MML), grain refinement zone 
(GRZ) and plastic deformation zone (PDZ). The thicknesses of MML and GRZ are about 100 nm and 
3.0 µm respectively. No legible grain boundary is observed in MML, while the average grain size in 
GRZ is approximately 200 nm. The PDZ grains show obviously shear deformation along the sliding 
direction. The microstructure deformation of surface layer illustrates that the third bodies are formed 
during the sliding.  
 





















TEM images of the microstructures observed in the GRZ at a depth of approximately 2.0 μm are 
shown in Fig. 6. We notice several kinds of dislocation structures, such as dislocation lines (DL) (Fig. 
6(a)), dislocation tangles (DT) (Fig. 6(b)), dislocation walls (DW) (Fig. 6(b)), stacking faults (SF) (Fig. 
6(c)), etc. Due to the plastic deformation caused by sliding, the friction stress leads to these dislocation 
structures generated in GRZ. Moreover, the dislocation structures, which are accumulated by 














Fig. 6. TEM images of worn surface layer for brass 
 
The grain refinement mechanism in the GRZ during the sliding experiment is proposed in Fig. 7 
[33]. The homogeneous dislocations in original grains are disorganized. At the beginning of the test, 
the friction stress causes a large number of dislocations in original grains. Subsequently, various 
dislocation structures such as DL, DT, DW, and SF are formed (Fig. 6(a), 6(b) and 6(c)). With the 
continuous sliding, the effects generated by friction stress prompts the interaction among different 
structures, which leads to DRX in the 3rd phase. The DRX process causes accumulation of dislocation 
along the grain boundaries, eventually forming sub-grains and nano-grains. Additionally, due to the 
shear stress caused by friction in this phase, the dislocation movements and dislocation structures 
always distribute along the sliding direction, which induces the deformation of grains similar to the 
observation in Fig. 4(b) and Fig. 5(b). 
The depth micro-hardness is obtained to investigate the mechanical properties of the third bodies. 
Fig. 8 shows the micro-hardness curve of the third bodies along the depth direction. The curve 
indicates that the depth of micro-hardness distribution is in good agreement with the depth of 
microstructural distribution. The micro-hardness in MML is at the highest value of about 290 HV. 
From the insert of Fig.8, it is obvious that the values of micro-hardness in GRZ are slightly lower than 
that of in MML. The micro-hardness in PDZ sharply drops along depth direction to about 60 HV at 
the depth of 40 µm. The high level of hardness in GRZ is related to the work hardening of brass 
caused by the sliding test. In other words, the high dislocation density and the nano-grains are the 
reasons for high micro-hardness in GRZ. The effect of friction stress decreases gradually along the 
depth direction, which leads to the reduction trend of micro-hardness in PDZ.  
Fig.7. Schematic presentation of the grain refinement of brass during sliding test 
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No obvious grains distribution in MML is observed based on microstructure observation in Fig. 
5(b). In order to study possible chemical changes of the third bodies, XPS results of the near surface 
layer are obtained in Fig. 9. These profiles show the atomic concentration in the third bodies along the 
depth direction. The sputter depth of the depth profile is 670 nm. The contents of O decline from 28% 
to 0% on the first 100 nm. The contents of Zn/ZnO and Cu/Cu2O increase from 7% to 21% and from 
1% to 79% respectively and then remain constant. The result indicates that the main chemical 
compositions in MML are Zn/ZnO and Cu/Cu2O. Oxides are the main reason for high hardness in 
MML (Fig. 8). The oxidation reactions occur on the surface of brass during the friction test. The 
accumulation of ZnO, which is well known as a solid lubricant [34], leads to the reduction of friction 
for sliding. ZnO, which is as a buffer to prevent the direct contact between the friction pairs, inhibits 
friction and maintains the friction coefficient and wear rate with relatively low and stable in the third 
stage of Fig. 1(a).  
3.3 Formation mechanism of the third bodies 
The third bodies avoid direct contact between the friction pairs and provide a good load-carrying 
Fig. 8 The micro-hardness of the third bodies along depth direction. The insert is 
the nano-hardness of near-surface. 
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Fig. 9 The XPS profiles of the third bodies along depth direction. 
capability[34]. Moreover, they improve the stability and wear resistance of the material. Based on the 
above analysis, the schematic diagram of the third bodies model for brass induced by sliding test is 
depicted in Fig. 10. Furthermore, the macro/microscopic mechanism of the third bodies formation is 
proposed as follow to describe and explore the formation of the third bodies.  
(I). In the early stages of the test, it is difficult for the lubricant films to completely isolate the 
friction pairs mainly due to relatively high viscous lubricant and the mutual sliding of asperities 
between friction pairs. The materials transfer from brass to pin and the adhesive wear occurs and 
oxidizes. The values of friction coefficient and wear rate increase sharply and oscillate at a relatively 
high level (Fig. 1(a)). Simultaneously, the shear stress, which is caused by plastic deformation of 
friction, disturbs uniform structures of original grains below the surface. A large number of 
dislocations are generated in the original grains.  
(II). With the friction heat accumulating and continuous sliding, the lubricating film forms between 
the contact pairs due to the decrease of lubricant viscosity. The presence of the lubricating film 
relieves friction stress between the contact pairs, which provides a good condition for the formation of 
the third bodies. Therefore, the friction coefficient speedily drops to a low value, while the decline 
period of wear rate is slightly later than that of friction coefficient (Fig. 1(a)). The wear debris 
particles are peeled off with the sliding cycles and removed by lubricant timely, then, the fresh surface 
is constantly exposed. It is indicated that the MML is gradually formed on the worn surface in the later 
stage of the test by proceeding with oxidation reactions. Below the MML, different dislocation 
structures are generated in the original grains and some of them are accumulated at the grain 
boundaries. This mechanism of these dislocations formation was proposed by Greiner et al. [35]. 
Subsequently, the original grains are refined by these interactional dislocation movements and the 
GRZ is formed at this stage. The DRX process plays a key role in the grain refinement during the 
sliding period. In addition, the refined grains in GRZ show a trapezoidal distribution along the depth 
direction from nano-scale to micro-scale. 
(III). During the sliding test, the effect of shear stress, which is generated by friction, is not 
sufficient to refine the grains located under GRZ, while the stress causes the shear deformation of 
grains in this zone (PDZ). Therefore, no obvious grains are refined in PDZ except for shear 
deformation of grain (Fig.4 (b) and Fig. 5(b)). In addition, a significant amount of voids are observed 
in PDZ (Fig. 5(a)). As a result of the experiment, severe shear plastic deformation of grain causes and 
accumulates dislocations, which result in voids in PDZ [36, 37]. As shown in Fig. 10, some 
dislocations pile up in the grains below the PDZ. 
  
4. Conclusions 
(1) The running-in of brass sliding against steel under lubricated condition is studied using an on-line 
tribometer. Adhesive wear is the main wear mechanism in this system during the running-in 
stages. In the final stage, the amount of trace wear debris particles generating and peeling off 
reach a dynamic equilibrium with the friction coefficient and wear rate maintaining a low and 
stable level 
(2) Based on the characterization of the microstructure and chemical composition, the third bodies 
(MML, GRZ, and PDZ) are formed during the sliding. ZnO, which is one of the main chemical 
compositions in MML, inhibits the friction effectively. The grains in GRZ are nanometer sized 
and the grains in PDZ show obviously shear deformation along the sliding direction.  
(3) The formation mechanism of the third bodies is analyzed for the case of brass. Initially, severe 
friction stress leads to a large number of dislocations in the surface layer. With a continuous 
testing, the MML gradually is formed on the worn surface by proceeding with oxidation reactions, 
meanwhile, the original grains in GRZ are refined by interactional dislocation movements and 
DRX process. The friction stress causes grains shearing deformation in PDZ and results in voids 
being generated in this zone. 
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